This report provides information for decision-makers about floating offshore wind technologies in the state of Maine. It summarizes research efforts performed at the National Renewable  Energy Laboratory between 2015 and 2017 to analyze the resource potential, cost of v This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Introduction
The purpose of this report is to provide information for decision-makers about floating offshore wind technologies. It is a summary of several research efforts performed at the National Renewable Energy Laboratory (NREL) between 2015 and 2017 to analyze the resource potential, cost of offshore wind, and economic potential of offshore wind in the United States. For this report, the data and insights from primary research were summarized to focus on the state of Maine. The major conclusions, including data, graphics, and analyses, were derived primarily from the following reports:
• (Moné et al. 2016 unpublished) • Offshore Wind Energy Resource Assessment for the United States ).
These studies focused on assessing the "technical" offshore wind resource potential , quantifying the variation in levelized cost of energy (LCOE) in major coastal areas of the United States Beiter et al. 2017) , and estimating costs for the University of Maine's U.S. Department of Energy (DOE) Advanced Technology Demonstration project, Aqua Ventus (Moné et al. 2016) . Beiter et al. ( , 2017 also include an assessment of the economic potential of fixed-bottom and floating offshore wind technologies in major U.S. coastal areas. The assessment from Moné et al. (2016) includes case studies for both the two-turbine pilot project planned for the Monhegan Island demonstration site as well as two hypothetical commercial-scale projects; one using the current Aqua Ventus technology scaled to a 498-megawatt (MW) power plant size and another one using mature floating wind technology projected to be available in the 2030 timeframe. The relevant information pertaining to Maine was extracted from each report. Additional references and research detail can be found in each of these primary source documents. In drafting this report, text was added for context and readability, but no new analysis has been conducted.
Maine Offshore Wind Resource
Maine has a world-class offshore wind resource. It has high average wind speeds and a large quantity of resource in waters less than 1,000 meters (m) deep. Figure 1 shows that 90% of Maine's wind resource exceeds 9 meters per second (m/s). 1 In principle, Maine could use its offshore wind resource to supply offshore wind power to serve its in-state electric load as well as electricity markets in adjacent states such as New Hampshire and Massachusetts. A significant challenge in harnessing the most economically attractive offshore wind resource sites in Maine is water depth that is greater than 60 m, which is too deep for conventional fixedbottom offshore wind technology (e.g., monopiles or jacket substructures). 2 To use its most economically viable offshore wind resource sites, Maine would need to deploy floating offshore wind technologies which, although they are advancing rapidly around the globe as described in NREL's 2016 Offshore Wind Technologies Market Report , are currently in a pre-commercial stage of development. Figure 2 shows the offshore wind technical resource potential for all offshore states in the United States (except Alaska) in rank order . The chart shows the quantity of resource in both deep and shallow water for potential offshore wind sites with wind speeds above 7 m/s and depths less than 1,000 m. This comparison is based on energy potential (terawatt-hours per year (TWh/yr), and Figure 2 shows that Maine ranks 7 th in the nation in total offshore wind resource. ).
Maine Offshore Wind Cost of Energy and Economic Potential
Techno-economic analysis detailed in Beiter et al. ( , 2017 constitutes the primary reference source for characterizing over a broad area the economics of offshore wind for the state of Maine. These analyses were conducted using "NREL's Offshore Wind Cost Model". This model estimates the cost of offshore wind in the United States for hypothetical projects with commercial operation dates (CODs) between 2015 and 2027. Beiter et al. ( , 2017 analyzed the impact of geospatial and temporal parameters across more than 7,000 U.S. coastal locations on LCOE. Beiter et al. (2017) also assessed in detail the economic potential of offshore wind in the United States. Economic potential is achieved when there is a positive "net value" which is calculated by subtracting the estimated LCOE from the estimated levelized avoided cost of energy (LACE) at a common location (see also Section 3.4). This section summarizes the relevant results from Beiter et al. ( , 2017 for the Atlantic states and the state of Maine. It also offers insights into the available offshore wind resource in Maine at different levels of LCOE and assesses its present and future economic potential. Additional site-specific cost analysis for four conceptual projects off the coast of Maine are included in Section 4.
3
In Beiter et al. ( , 2017 , estimates of offshore wind costs were calculated for three focus years corresponding to CODs 4 of 2015, 2022, and 2027. In 2015, a baseline turbine rating of 3.4 MW was assumed as it reflected the average turbine size of installed offshore wind power projects globally in 2014 (Smith, Stehly, and Musial 2015) , the last year of available data when the Smith et al. (2015) study was conducted. Informed by research on industry trends, turbine ratings of 6 MW and 10 MW were assumed to represent technologies for 2022 and 2027, respectively.
5 Accordingly, the 6-MW turbine size proposed by the Aqua Ventus project corresponds with the turbine size assumptions for a 2022 COD in this analysis. Based on this assumed growth trajectory in turbine size as well as global industry maturation, a set of cost reductions and associated technology improvements were projected for 2015, 2022, and 2027. Estimated cost reductions were based on an assessment conducted by The Crown Estate, BVG Associates, and KIC InnoEnergy (The Crown Estate 2012; Valpy et al. 2014) . The cost-reduction pathway used in Beiter et al. ( , 2017 applies modeled cost reduction pathways derived from European projects from 2015 to 2027 and assumes that sufficient domestic deployment and maturing of the supply chain will occur in the United States to support these cost reductions. The turbine technology change indicated in Table 2 was assigned in the beginning of each focus year and held constant at all sites until the next focus year.
3 These analyses draw from many other relevant data sources and reports. Reviewing these documents is encouraged, including Moné et al. (2015) , Energy Information Administration (EIA) Annual Energy Outlook 2014, Catapult (2015) , E.C. Harris (2012) , and The Crown Estate (2015) . 4 All years reported in commercial operation date (COD), unless indicated otherwise. 5 The turbine size trajectory of 6 megawatts (MW) by 2022 and 10 MW by 2027 was informed by announced turbine supply agreements in 2015, indicating that by 2019/2020, the turbine size average would be between 6 and 8 MW and by 2027 turbine sizes of 10-12 MW will be available in Europe. a Specific power is the ratio of a wind turbine's nameplate capacity rating to its rotor-swept area.
All else equal, a decline in specific power should lead to an increase in capacity factor.
In addition to specific turbine technology advancements described in Table 2 , other future advancements were assumed to drive cost reductions in total capital expenditures (CapEx) (e.g., turbine, substructures, electrical infrastructure), operational expenditures (OpEx), and financing. Factors that increase the annual energy output of offshore wind plants were also included.
Economic Potential Calculations
LCOE reflects the total cost of generating a unit of electricity and is commonly expressed in dollars per megawatt-hour ($/MWh). LCOE is typically calculated for the expected lifetime of the offshore wind electricity-generating plant. LCOE varies by location because of geographic factors that affect energy production (e.g., average wind speed variations) and CapEx (e.g., varying sea states, distance from shore, water depth, soil and substructure suitability, and availability of critical infrastructure).
LCOE alone is generally not sufficient to assess economic viability because it does not capture the electric system value that can be attributed to a particular generation source operating in a specific location. To calculate economic potential, Beiter et al. ( , 2017 needed to estimate the LACE for each offshore location. LACE is a metric used to approximate the electric system value of a generation technology operating in a given location over its expected lifetime and commonly expressed in $/MWh. Electric system value, as assessed by Beiter et al. ( , 2017 , is defined as the revenue that an offshore wind generator can earn (reflecting its marginal economic value) without considering subsidies. The system value of offshore wind is affected by unique technology-specific features including the location (i.e., coincidence with load patterns and available transmission), uncertainty (i.e., forecasting errors), and variability (i.e., generation profile) (Hirth 2013) . LACE also varies by location because of differences in the system value of new electricity, which are determined by a range of factors, including the cost of competing generation technologies, the existing resource mix, demand patterns, and transmission constraints .
As a metric to determine the value of new generation projects, LACE was developed to complement the well-established LCOE metric (e.g., Energy Information Administration [EIA] 2015; Namovicz 2013; EIA 2013). These metrics are complementary in the sense that LCOE comprises a measure for revenue requirements (based on the cost required to generate electricity), whereas LACE captures the revenues available to that generating source. Therefore, the two metrics can be compared to provide an indicator of economic attractiveness (EIA 2013).
The difference between LCOE and LACE at a given location is defined as "net value," and is used to define economic potential, which is the subset of sites with a given capacity (in MW) within the technical resource potential resource area , in which "net value" is greater than zero.
As such, "net value" at a given site, i, is defined in Equation 1:
Net value ($/MWh)i = LACE -LCOE
For a given offshore wind site to have economic potential, LACE must be greater than LCOE. A more detailed description of how LACE was determined for Maine and for various sites around the United States is provided in Beiter et al. (2017) .
Offshore Wind Levelized Cost of Energy
The shaded grey area in Figure 3 shows the variance of LCOE estimated by the NREL Offshore Wind Cost model across all U.S. coastal sites (indicated by the vertical blue two-way arrow) and over time (along the horizontal time axis). The lower edge of the LCOE shaded area (the very best offshore wind sites) shows a cost decline from $130/MWh 6 in 2015 to approximately $60/MWh in 2030. Figure 3 also includes two offshore wind cost-reduction reference sites; one for the fixed-bottom technology and one for the floating technology, respectively. The characteristics of these generic reference sites are specified in 7 but their site conditions are generally intended to represent typical spatial conditions for the existing Bureau of Ocean Energy Management lease areas already auctioned on the U.S. outer continental shelf. Although these reference sites are intended to represent the average of many Bureau of Ocean Energy Management lease areas, they do not represent a specific location or power plant site. The two reference site curves follow the same general cost-reduction trends shown in the overall data from Figure 3 . The two curves show that although the LCOE for floating technology is significantly higher in 2015, fixed-bottom and floating technology costs are predicted to converge over time. This is an important aspect to understand the cost estimations for the state of Maine, which will likely depend on floating technology.
Some of the drivers that lead to lower LCOE in general include:
• Stronger wind resources, ranging from 8.5 to 10 m/s, which result in net capacity factors between 40% and 60% • Closer proximity to the land-based grid interconnect, which minimizes the electrical infrastructure and maintenance costs • Proximity to an inshore assembly area • Proximity to shore-based port facilities, which minimizes installation, maintenance, and export system costs • Shallower water depths, which minimize substructure costs. The Atlantic Coast was found to have some of the lowest LCOE sites in any of the U.S. coastal areas. Low-cost sites are generally near shore and in relatively shallow waters. Some of the lowest-cost sites are located in Maine, Massachusetts, Rhode Island, and New York. As shown in Figure 4 , areas of relatively low LCOE extend far from shore in Maine, New Hampshire, Massachusetts, and Rhode Island, mostly because of high average wind speeds (see ). 
Levelized Avoided Cost of Energy
The LACE for the Atlantic coastal states is shown in Figure 5 as heat maps for the three target years: 2015, 2022, and 2027. The variance in LACE is relatively high in the Atlantic Coast region than the other coastal regions. These differences can be observed in detail in Beiter et al. (2017) . The highest levels of LACE are generally found off the coast of Virginia, Connecticut, Rhode Island, Massachusetts, and Maine, primarily because of comparatively high electricity price levels. Comparatively low levels of LACE were found on the Southeast Coast along Florida, North Carolina, and South Carolina where electricity price levels are generally lower. LACE increases incrementally from 2015 to 2027 as shown by the increasingly dark color scheme in Figure 5 and estimated by EIA's Annual Energy Outlook generation price forecasts (EIA 2014). Figure 6 shows a heat map of the "net value" estimated for the Atlantic Coast for 2015, 2022, and 2027 . The data show that by 2027, coastal areas in the Northeast and the eastern shore of Virginia (southern part of the Delmarva Peninsula) begin to have a positive net value, indicating there is economic potential for offshore wind in these regions (shown in yellow and green).
Net Value and Economic Potential
The model suggests that economic potential for offshore wind exists in the following states (listed in descending order by the amount of economic potential): Maine, Massachusetts, Rhode Island, Virginia, New Hampshire, New York, and Connecticut. Quantitative estimates of economic potential are shown in Table 3 . Massachusetts 55
Rhode Island 16
Virginia 4
New Hampshire 2

New York 1
Connecticut 1
Source: Beiter et al. (2017) In these areas, relatively low LCOE values coincide with relatively high LACE values. By 2027, this combination creates favorable economic conditions for offshore wind in these regions even in the absence of state or federal subsidies. There is also a subset of sites (approximately 9 gigawatts (GW) of economic potential) in Massachusetts and Rhode Island where the net value was found to be greater than $15/MWh in 2027. Although 9 GW comprises less than 1% of the total resource estimated for the Atlantic Coast region, it exceeds the combined capacity of landbased wind and photovoltaics currently installed in the northeast as of 2015 . These sites are predicted to have the highest net value in the United States. A considerable band of coastal areas with a net value between -$50/MWh and $0/MWh in 2027 spans from far distance locations off the coast of New England states down to the coast of Virginia. This suggests that there is potential for a much greater area to move to positive net value and contribute to the total economic potential as the industry matures over time and with greater rates of technology innovation and cost reduction.
Aqua Ventus Cost Analysis
This analysis was conducted by NREL under contract with the University of Maine (UMaine) 11 in the late 2015/early 2016 timeframe (Moné et al. 2016) . The purpose of this work was to inform the evaluation of the total cost of the different offshore wind project scenarios using UMaine's semisubmersible concrete substructure in the Atlantic, including capital investment costs (e.g., equipment and its installation), operation and maintenance costs, finance costs, and estimated energy production.
The focus of this proprietary report is the 12-MW offshore wind project-Aqua Ventus-I-which is planned to be installed off the coast of Monhegan Island in southern Maine. The two-turbine 12-MW project is the next phase of UMaine's VolturnUS prototype, which was a 1:8 scale concrete semisubmersible hull, composite tower, and wind turbine that was in Penobscot Bay for a 1.5-year test program in 2013/2014. This initial effort served to collect data and demonstrate the first offshore grid-connected wind turbine in the United States. To provide a better understanding of the potential viability of the technology at demonstration and commercial scales, an LCOE analysis was performed for three floating wind concepts using Aqua Ventus technology: 1) a 12-MW demonstration, 2) a 498-MW commercial scale array with current technology, and 3) a 1,000-MW commercial scale array with 2030 technology. LCOE numbers in Table 4 provide a summary of costs and energy production related to offshore wind projects relevant to the UMaine floating wind technology (UMaine 2018). The information used in this analysis came from NREL's internal Offshore Wind Database, multiple economic models, and Aqua Ventus-I supplier quotes. *These categories are multiplied by the discount rate, and insurance, warrantee, and fees to obtain LCOE **This category is considered tax deductible *** Data not available
The site parameters for this analysis were representative of conditions at Monhegan Island (column 2) and the Massachusetts wind energy areas (columns 3 and 4) (Musial 2013) . It was also assumed that federal or state policy incentives were not available (e.g., the investment or production tax credits); that is, no subsidies exist. For the two-turbine (12-MW) Aqua Ventus-1 demonstration project, the $40 million DOE grant money is included in the LCOE calculation. This is shown in column 2 of Table 4 . In column 3, a 498-MW commercial-scale wind power plant using current technology (e.g., 6-MW turbines, semisubmersible concrete hull) is estimated, and is considered representative for the states of Maine or Massachusetts for projects built in the 2020/2022 timeframe. Note the costs for the demonstration project is $300/MWh, which is relatively high due to the small project scale. In contrast, the large-scale commercial project, using UMaine's Aqua Ventus technology, is summarized in column 3 and has an estimated LCOE of $126/MWh. The LCOE reduction was achieved by upscaling the project to a commercial size to capture economies of scale.
Some of these LCOE scaling differences can be attributed to the change in the capital cost distribution shown in Figure 7 and Figure 8 (Moné et al. 2015) . Figure 7 illustrates the estimated cost breakdown of Capex for the Aqua Ventus-I 12-MW project. By comparison, Figure 8 shows the cost breakdown for the hypothetical 498-MW commercial-scale project in the Atlantic. In each figure, the turbine costs are highlighted in green, the balance of plant is highlighted in blue, and the financial costs are highlighted in purple. Although the costs for the smaller two-turbine project are generally higher in all cost categories as a result of lower volume and reduced leverage in purchasing components, the percentages attributed to the balance of plant are also much greater for the smaller-scale project. This higher BOS percentage results because many of the plant-wide costs, which are in some cases fixed and independent of project size, are distributed over fewer turbines (i.e., two turbines for the demonstration project compared to 83 turbines for the commercial-scale project).
Another cost influence that may have an impact on LCOE similar to project upscaling is the impact of future technology and industry maturity. Just as the industry has seen rapid cost declines in fixed-bottom offshore wind technology , NREL cost models predict similar (or greater) cost declines for floating technology due to technology advancement and industry learning (Figure 3 ).
The future cost-reduction potential for floating wind, including the Aqua Ventus technology, was estimated in column 4 of Table 5 shows the key assumptions driving the LCOE reduction between 2015 and 2030 COD from this additional cost scenario. The estimated reductions in LCOE for floating technology between today's technology (e.g., 6-MW turbines, immature supply chains, and limited deployment experience) and future technology (e.g., larger project and turbine scale, mature supply chains, higher capacity factors) are also shown by major cost categories in the waterfall plot in Figure 9 . These results can be generally used to approximate floating wind technology trends (using semisubmersible substructures). Beiter et al. (2017) assumes the industry will develop a wide array of technology innovations and a robust regional supply chain that does not rely entirely on projects originating in Maine. The analyses reviewed for this summary report also showed that economies of scale and future technology advancements are likely to play a large role in reducing the cost of floating offshore wind. As shown, the cost of energy for the Aqua Ventus technology was estimated to decrease from $300/MWh for a two-turbine project to $126/MWh for a 498-MW commercial-scale project. When expected advances in floating wind technology were applied (e.g., 10-MW turbine sizes), the estimated LCOE by 2030 was calculated to be $77/MWh. To achieve these cost levels, further technology improvements are needed in deep-water floating wind, which is currently in a nascent stage of development. UMaine has been a major contributor to the global advancement of floating technology through the DOE Advanced Technology Demonstration program ).
Limitations of these analyses and corresponding caveats are discussed in detail in the source reports; however, here are some of the most important caveats to keep in mind:
• To achieve the modeled cost reductions, continued investments in technology innovation, development, and the market visibility of a robust domestic supply chain must be established and maintained during the analysis period from 2015 to 2027 (Navigant [2012] ; European Commission [2016] ).
• This analysis does not consider competition among technologies, dynamic feedback from increasing renewable deployment on wholesale electricity prices, export or import situations, or the alleviation of electricity system constraints (e.g., transmission constraints) over time; along with net value, these factors are critical in making future power generation procurement decisions.
• LACE was estimated based on annual averages of marginal generation prices and a constant capacity value. This specification does not consider the subhourly, hourly, or seasonal coincidence of offshore wind generation profiles with marginal generation prices or capacity value.
• LACE, as applied here, does not include possible policy-related factors or subsidies, either nationally or in individual states, such as renewable energy support mechanisms (e.g., the production tax credit, carbon pollution and other greenhouse gas regulations, state renewable portfolio standards, and loan guarantee programs), energy sector and environmental regulations, or benefits from portfolio diversification.
• Economic potential is not a measure of project-specific profitability.
• The Crown Estate (2012) report was the primary foundation for the NREL Offshore Wind Cost Model. As such, it is important to be aware that more recent cost declines indicated by European offshore wind auctions in 2016 and 2017 were not considered in writing this report . The documented 65% decline in fixed-bottom European winning tender prices may indicate that some of the costs assessed by Beiter et al. ( , 2017 could be conservative given that U.S. costs for floating wind are likely to be influenced by European market factors. Although floating technology may not follow the same cost trajectory as seen in Europe's fixed-bottom auctions, the relative cost differences between the Aqua Ventus 12-MW pilot project and larger commercial-scale projects (Table 4 ) are expected to remain proportionally comparable, because these project differences are predominately a function of project scale and future technology advancements rather than foundation type.
